Purpose Posthaemorrhagic ventricular dilatation in preterm infants is primarily treated using temporising measures, of which the placement of a ventricular access device (VAD) is one option. Permanent shunt dependency rates are high, though vary widely. In order to improve the treatment burden and lower shunt dependency rates, we implemented several changes over the years. One of these changes involves the setting of the surgery from general anaesthesia in the OR to local anaesthesia in bed at the neonatal intensive care unit (NICU), which may seem counterintuitive to many. In this article, we describe our surgical technique and present the results of this regimen and compare it to our previous techniques. Methods Retrospective study of a consecutive series of 37 neonates with posthaemorrhagic ventricular dilatation (PHVD) treated using a VAD, with a cohort I (n = 13) treated from 2004 to 2008 under general anaesthesia in the OR, cohort II (n = 11) treated from 2009 to 2013 under general anaesthesia in the NICU and cohort III (n = 13) treated from December 2013 to December 2017 under local anaesthesia on the NICU. Results The overall infection rate was 14%; the VAD revision rate was 22% and did not differ significantly between the cohorts. Procedures under local anaesthesia never required conversion to general anaesthesia and were well tolerated. After an average of 33 tapping days, 38% of the neonates received a permanent ventriculoperitoneal (VP) shunt. The permanent VP shunt rate was 9% with VAD placement under local anaesthesia and 52% when performed under general anaesthesia (p = 0.02). Conclusion Bedside placement of VADs for PHVD under local anaesthesia in neonates is a low-risk, well-tolerated procedure that results in at least equal results to surgery performed under general anaesthesia and/or performed in an OR.
Introduction
Germinal matrix/intraventricular haemorrhage (IVH) is the most common intracranial haemorrhage among preterm infants and tends "to occur in the sickest preterm infants" [15] . A complication of intraventricular haemorrhage is the occurrence of posthaemorrhagic ventricular dilatation (PHVD) that will often result in hydrocephalus. Approximately one-third to half of the preterm infants with IVH develop PHVD [2, 3, 5] . Furthermore, there is no consensus on when to treat PHVD [3] , and the optimum PHVD treatment remains unknown but may consist of temporising measures such as acetazolamide and furosemide [15] , intraventricular fibrinolytic therapy [22] , intermittent lumbar punctures, external ventricular drain (EVD), ventriculo-subgaleal shunting (VSGS), ventricular access devices (VAD) for intermittent CSF taps, neuroendoscopic lavage [4, 6] and definitive measures such as ventriculo-peritoneal shunting (VPS) [12] . In a significant number of cases, temporising measures still led to persisting shunt dependency, although shunt dependency rates vary widely (5-95%), with the majority over 70% [1, 2, 4, 6, 10, 11, 13, 14, 17, [19] [20] [21] 24] .
All surgical procedures are performed under general anaesthesia and in an OR under optimised conditions to prevent complications (e.g., infections and malpositioning of catheters in ventricles increasing the risk of new intraparenchymatous haemorrhage), while the procedures themselves are relatively simple and straightforward.
In this article, we describe our alternative surgical VAD placement procedure under local anaesthesia in neonates in an incubator at the neonatal intensive care unit (NICU) and report our initial results in comparison to our previous protocols.
Methods
The work described has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. The study has been approved by the institutional review board CMO Arnhem-Nijmegen (IRB). The IRB waived informed consent due to the nature of the investigations. This is a retrospective study of all prematurely born neonates with PHVD treated with a neonatal reservoir and CSF tapping from January 2004 until December 2017 at the Radboud University Medical Center in Nijmegen, the Netherlands. From 2004 to 2009, all procedures were carried out under general anaesthesia and in the OR (cohort I). From 2009 onwards, all procedures have been carried out as a bedside procedure in the NICU, in the beginning (until November 2013) still in general anaesthesia (cohort II) and from December 2013 in local anaesthesia (cohort III).
The Neonatological Department and Paediatric Neurosurgical Department serve a total of approximately 3 million people. Annually, approximately 160 children with a maximum gestational age of 32 weeks are admitted to our neonatal intensive care unit, of whom 17% will develop an IVH, and only 14% of which will develop PHVD and come to the attention of the paediatric neurosurgeon.
In this study, PHVD is defined as a progressive ventricular enlargement exceeding the 97th percentile towards the p97 + 4 mm line [9] . Patients with a PHVD diagnosis will receive a minimum of two lumbar punctures with CSF taps, aiming for the withdrawal of 10 ml/kg. Only if the ventricular width continues to increase thereafter, the paediatric neurosurgeon is asked to place a neonatal reservoir. The reservoir is also placed in the absence of clinical symptoms and is preferably placed before symptoms of increased intracranial pressure arise.
Near-term and full-term newborns with posthaemorrhagic hydrocephalus for whom a definitive shunting was contraindicated (for various reasons) received the same treatment as premature neonates with PHVD and were also included in this study.
For statistical analysis, the Fisher's exact and chi-square tests were used with a P < 0.05 considered significant.
Surgical technique
VAD placement in general anaesthesia and in the OR is a simple and straightforward procedure that does not require extensive explanation. We will only discuss in detail the technique of bedside placement of a VAD on the NICU under local anaesthesia, since this is a new technique.
The neonate is placed crosswise in the incubator at the NICU, and both sides of the roof of the incubator are taken down. The neonate is not sober or otherwise prepared for surgery. The neonate is then orally given some glucose water using a syringe and is then swaddled using a baby's comforter and held by a neonatal nurse ( Fig. 1 ). If necessary, a minimal amount of hair is shaven at the level of the fontanel. Typically, < 1 ml of local anaesthesia is provided at the incision site (lidocaine 0.5% with epinephrine 1:400.000). Surgery is always performed by an experienced paediatric neurosurgeon and assisted by a scrub nurse from the neurosurgical OR, with no anaesthesiological assistance. A solution of vancomycin (500 mg in 250 ml NaCl 0.9%) is used for topical use, and the wetting of surgical gauzes and drenching of the implant are performed in accordance with our shunt infection prevention protocol [18] . The lateralisation of the incision is planned dependent on the ventricular size and intraventricular clot formation, so that the catheter is placed in the largest ventricle and/or the ventricle with the smallest blood clot. After skin disinfection using Betadine, a single small sterile drape with a central hole is placed over the incision line. A 1-cm skin incision is made 1-1.5 cm across next to the midline at the level of the coronary suture in the open fontanel, after which a small subgaleal pocket is created just over the frontal bone oblique to the incision using scissors ( Fig. 1 ). Bipolar coagulation is applied to the periosteum/dura, after which this is punctured using the same surgical knife (size 15). The pia mater is coagulated, and then a ventriculostomy is performed using a Dandy cannula. The Dandy cannula is then removed, and a 35-mm or 45-mm (preoperatively chosen on ultrasound measurement) one-piece neonatal reservoir (Medtronic®, Fridley, Minnesota, USA) is introduced into the ventricle and the reservoir is placed in the subgaleal pocket and on the frontal bone ( Fig. 1 ). Wound closure is performed by single-layer rapidly resorbable 4-0 suture and covered by a transparent wound dressing.
Postoperatively, ultrasound is performed on a daily basis, and reservoir taps are performed as per institutional tapping protocol by the neonatologist, initially twice daily. The paediatric neurosurgeon is not involved anymore, unless the hydrocephalus persists after a prolonged period following CSF tapping, and tapping cannot be reduced or the VAD gets obstructed. A permanent CSF drainage is only considered if a weight of 2.5 kg is reached and/or a minimum of 2 months of CSF tapping exists with no tendency to improve. The indication to permanent shunting is therefore taken by the neonatologist rather than the neurosurgeon.
Results
The baseline characteristics of the three cohorts are summarized in Table 1 . A total of 35 neonates with PHVD have been treated with a VAD placement, while 1 child born at 40 weeks of gestation with an intraventricular haemorrhage and 1 new born child with an acute subdural hematoma and concomitant hydrocephalus received an identical treatment regimen as with PHVD.
The three cohorts consisted of 13, 11 and 13 patients. Cohorts I and II were very similar, whereas in cohort III, patients tended to be a little older (due to 2 cases that were not prematurely born) and thus also a little heavier (Table 1) . Surgical characteristics were very similar between the groups.
The overall infection rate of the VADs was 14% and actually lower if surgery was performed in bed on the NICU than in the OR, 8% versus 23% (n.s.). Surgical revision because of VAD dysfunction/obstruction was required in 22% of cases, 15% if performed in the OR and 25% if performed in the NICU in the incubator (n.s.).
In all cases of local anaesthesia (cohort III), the procedure could be conducted without additional pain treatment or conversion to sedation or general anaesthesia and was well tolerated by the neonates. The average procedural time was 6 min. There were no intraoperative complications. The three obstructed reservoirs in this cohort were replaced by a new reservoir in a similar procedure under local anaesthesia. Five neonates (14%) died while having a VAD and receiving daily CSF tapping: one as a result of a status epilepticus and one due to necrotising enterocolitis, while in three cases treatment was discontinued because of a dismal overall prognosis. In none of these five cases, death was related to hydrocephalus, complications of surgery or tapping the reservoirs.
Overall, 38% of surviving PHVD patients required a VPS. There is a significant difference between the three cohorts, with only 1 of the 11 surviving patients in cohort III requiring a VPS (p = 0.044). When comparing procedures in general anaesthesia (cohort I and II) with procedures in local anaesthesia (cohort III), this difference is significant at p = 0.02. 
Discussion
In our department, we prefer to place ventricular access devices (subcutaneous neonatal CSF reservoirs) for PHVD, perform frequent and prolonged CSF tapping and ultimately convert to a VPS if necessary. In order to decrease our complication rate and the shunt dependency rate, we have altered our protocols and procedures several times over a period of 14 years. First, in 2008, we altered the setting of this procedure from the OR and being performed by a general neurosurgeon or resident to a procedure performed in the incubator at the NICU by a dedicated paediatric neurosurgeon, though still under general anaesthesia by a paediatric anaesthesiologist. In 2010, we improved the protocol for tapping of the VAD in order to decrease the infection rate. Over time, we came to the conclusion that for a surgical procedure this simple and rapid (being 5-6 min in length), general anaesthesia with intubation of the patient is even more invasive, risky and a greater burden on the patient than the surgical procedure itself. In close collaboration with the neonatologists, we decided to attempt performing the procedure under local anaesthesia and started with this new protocol in December 2013 and have continued doing so. In our consecutive series, we have demonstrated that, with the described technique of VAD placement in local anaesthesia, the procedure can just as safely and easily be performed as when performed in general anaesthesia and/or in the OR. The malpositioning rate of the catheter and obstruction rate of the catheter did not increase, while occluded reservoirs could just as easily be replaced by new ones in a similar rapid procedure under local anaesthesia. Also, the infection rate was not higher than in other series in which surgery was performed in the OR [16, 20, 21] . However, the three cohorts are small and do not allow definitive conclusions.
We determined that the procedure in local anaesthesia is well tolerated by this vulnerable group of patients. Our neonatologists absolutely prefer this procedure using local anaesthesia over general anaesthesia, especially because anaesthesia-induced hypotension is prevented and hypoxia associated with intubation and extubation does not occur, while a neonate on the ventilator due to lung problems can just as easily be operated on in the same manner. Furthermore, the risk associated with patient transport through the hospital to the OR is avoided. Moreover, the conversion of local to general anaesthesia was never required.
The neurosurgical literature is very sparse of reports on procedures in local anaesthesia or bedside procedures in this group of patients. Januschek et al. and Zucchelli et al. have described the bedside placement of external ventricular reservoirs in the NICU with good results in these two small series (technical note and clinical series) and without observing increased infection rates. Zucchelli et al. [25] performed these procedures in general anaesthesia, while Januschek et al. [8] do not mention the type of anaesthesia. In both series, the procedure was performed as a temporizing measure for ultra and very low birth weight neonates (< 1000 g) while planning VPS placement (if indicated) once neonates reached a weight of > 1000 g. Both authors conclude that EVD placement can be safely performed in the NICU, avoiding transports through the hospital and getting the neonate outside the incubator.
Hagander et al. [7] already demonstrated that even major abdominal surgery can be relatively safely performed under local anaesthesia in premature infants and represents an established option, especially in developing countries where general anaesthesia remains accompanied by significant mortality.
VP shunting rate
With our surgical treatment protocol, we achieved a very low definitive shunt conversion rate of 9%, which is significantly lower than our previous treatment regimen and significantly lower than the majority of published studies. However, the factor that contributed most to our low shunt conversion rate remains unknown. Numerous studies on the surgical treatment of PHVD differ widely in the type of surgery performed and also in the timing of intervention. As such, there is no consensus regarding whether to start intervention early at the first sign of PHVD (97th percentile), later (97th percentile + 4 mm or more) or when the signs and symptoms of raised intracranial pressure occur [3] . However, we tend to intervene early and believe that this contributes significantly to a low shunt conversion rate. Some studies have shown that early intervention may lead to a lower permanent shunt rate and/or better neurological outcomes, whereas studies with late interventions had very high permanent shunt rates [2, 5, 14, 23] . In a recent prospective multicentre cohort study from the Hydrocephalus Clinical Research Network, permanent shunt rates after VSGS and VAD were 63.5% and 74%, respectively [20] . However, patients were only considered for treatment if FOHR > 0.55 and they were clinically symptomatic (of at least two of bradycardia, split sutures or bulging fontanel). In our opinion, this represents very late surgery, which contrasts the majority of neonates with few or no symptoms in our study. Also, the period of reservoir tapping, the daily number of taps, and the amount of CSF drawn from a reservoir or alternative temporising measures before permanent shunt is indicated vary widely. Some wait until the child is 2000 g or 2500 g, while others limit the number of punctures or prefer a permanent treatment to allow discharge from the hospital. In our hospital, we tend to prolong hospitalisation to provide the child a chance upon recovering from PHVD and will continue reservoir tapping once or twice daily for up to 2 months or longer, especially if an initial trend in the reduction of tapping frequency is observed. Willis et al. [24] treated 32 premature infants, of whom 17 directly received a VP shunt, while 15 received a tapping reservoir. Of the latter, hydrocephalus was halted in only 2, and 13 received a VP shunt afterward. They used a prolonged tapping period similar to ours; nevertheless, a high permanent shunt rate was observed. Information on the timing of the intervention is not available in this study, and this study is therefore not comparable to ours. In their series of 95 patients, Limbrick et al. [10] observed shunt rates of 75% for VAD and 67% for VSGS. The ventricular size is not mentioned, though a temporising measure is only taken in neonates who exhibit clinical signs of raised ICP, suggesting very late first interventions. Bock et al. [1] also tap VADs for a prolonged period of up to three times a day; however, they tap 2-5 ml-much lower than our 10 ml/kg. Their shunting rate is 95%. Notably, Tian et al. [17] presented a series of VADs with a 0% infection rate, a very low complication rate and a tapping protocol quite similar to ours; nevertheless, they observed a shunt conversion rate of 70%. We were unable to identify factors that can explain the differences in outcome compared with our series. The primary difference is local anaesthesia and bedside surgery in contrast to general anaesthesia and surgery in the OR. However, we find it very unlikely that this difference can fully explain the difference in outcomes with regard to shunt conversion rates.
Our cohort of patients is unselective, but also very small, which may have attributed significant bias. We have established that a simpler and less elaborate procedure of VAD placement can be just as safe and effective. The observed effect of a lower shunting rate is not explained for but remarkable and should trigger further evaluation in a larger series.
Conclusion
Bedside placement of VADs under local anaesthesia in neonates is a low-risk, well-tolerated procedure. Alongside an early intervention and a prolonged and intensified VAD tapping regimen, this leads to very good results with very low definitive CSF shunting and a low complication rate in our small series. Further prospective studies are needed to examine whether these favourable results can be maintained in larger and multicentre patient cohorts.
